We report on the fabrication of a boron-doped nanocrystalline diamond (NCD) 3 × 3 high-density microelectrode array (MEA) for amperometric measurements, with a single electrode area of 3 × 5 μm 2 and a separation in the μm scale. The NCD microelectrodes were grown by hot filament chemical vapor deposition (HFCVD) on a double-side polished sapphire wafer in order to preserve the diamond transparency. Bias enhanced nucleation (BEN) was performed to ensure a covalent adhesion of the films to the substrate. A current background noise of less than 5 pA peak to peak over a 1 kHz bandwidth resulted from an electrochemical investigation of the new device, using 100 mM KCl solutions and ferrocyanide red-ox couples. Cyclic voltammetry measurements in physiological buffer solution and in the presence of oxidizable biomolecules strengthened its suitability for bio-sensing. When compared to a 2 × 2 NCD microelectrode array prototype, already used for in vitro cell measurements, the signal to noise ratio of the amperometric response of the new 3 × 3 device proved twice as good. In addition, the optical transmittance of the boron-doped thin layers exceeded 40% in the visible wavelength range. The excellent electrochemical properties of NCD electrodes and the transparency in combination with the high spatial resolution make the new 3 × 3 NCD MEA a promising tool for electrochemical sensing in a variety of applications, ranging from medical to industrial, in neutral or harsh environments.
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Introduction
NCD electrodes have been recognized as a promising tool for electrochemical sensing due to their extraordinary electrochemical performances: a very low background current (b1 μA/cm 2 ), a water dissociation potential window around 3 V, a high biocompatibility and an outstanding inertness in harsh environment [1, 2] . Electroanalysis of substances like phenol or bio-molecules like glutathione are typically outside the usable potential window of standard electrodes such as carbon fibers or noble metals (Au, Pt), but these analytes have been detected with NCD electrodes [3, 4] . Moreover, diamond surfaces can easily be functionalized [5] [6] [7] [8] and are highly inert in electrolyte. Harsh environment applications have been extensively studied and the high corrosion stability of NCD electrodes was confirmed [2, 9] . Additionally, diamond can be either insulating or quasi-metallic and has an extended range of transparency (225 nm-12 μm) [10] due to its wide bandgap semiconductor characteristics. NCD microelectrode and ultra-microelectrode arrays have been also widely studied and used in the fields of electro-analysis and life science [11] [12] [13] [14] .
To date, NCD technology was mainly developed on silicon (Si), the fundamental material for modern integration microelectronics. However, Si substrates transmit only infrared light of wavelengths above 1.1 μm, which restricts the range of possible optical applications. Biochemical and neurophysiologic preparations, for instance, commonly use UV-visible transmission microscopy and fluorescence analysis. Transparent devices, however, can be produced in diamond technology thanks to the last decades' efforts in growing diamond on transparent substrates, like glass, quartz or even high-temperaturestable plastic [15] [16] [17] . It was even possible to combine diamond with CMOS (Complementary Metal Oxide Semiconductor) technologies on sapphire whereby a tolerable transparency could be preserved [18] . More recently, the first prototypes of NCD microelectrode arrays on transparent substrate were fabricated [19] and we lately reported on a first 2 × 2 microelectrode array out of boron-doped NCD on sapphire [20] . The latter NCD microelectrode array was successfully employed in vitro with living cells, resolving with high time resolution bursts of amperometric spikes associated to the quantal release of adrenaline from mouse chromaffin cells [21] , achieving a first spatially resolved Diamond & Related Materials 20 (2011) detection of those signals [22] . We have demonstrated also that this 2 × 2 microelectrode array shows the same red-ox sensitivity during in vitro experiments as common carbon fiber microelectrodes [23] .
Another trend is the miniaturization of devices for electrochemical sensing to obtain high spatial and temporal resolution with enhanced sensitivity, which inevitably creates the need for integrated read-out electronics following in the footsteps of silicon technology. An example of the trend towards high-density devices with integrated read-out electronics can be found in electrophysiological analysis [24] , where microelectrode arrays are indeed a major tool since decades [25] . Here the interest in more detailed studies on generation and propagation of neuronal signals down to sub-cellular level or on specific cell membrane processes leads to the need of devices with a higher spatial resolution. Recently, there have been efforts to meet this demand using Si-based technologies, as for example high density CMOS microelectrode arrays [24, 26] or 3D MEAs for intracellular recordings with even sub-cellular resolution [27, 28] , but the presence of a Si substrate makes these devices unsuitable for inverted microscopy, fluorescence recordings or other optical applications.
There is considerable interest in the integration of read-out electronics and NCD on a transparent substrate [18] . We have recently reported on the monolithic fabrication of GaN-based ion-sensitive field effect transistors (ISFETs) with boron-doped NCD gate electrodes working in amperometric and potentiometric modes [29] . The GaN devices and NCD layers are both grown on sapphire substrate, which ensures full exploitation of the intrinsic transparency of the semiconductor.
We present here the first transparent nanocrystalline diamond high-density microelectrode array for electrochemical sensing with micrometer spatial resolution. A 3 × 3 array of boron-doped NCD microelectrodes was patterned on a double-side polished sapphire substrate with a separation distance between electrodes in the μm range and extending over 480 μm 2 approximately. Each microelectrode of the array can be addressed separately. The device had been designed earlier to host GaN-based FETs and their interconnections. Characterization and early tests in electrolytes and in the presence of red-ox couples were realized. The comparison of the cyclic voltammograms of the new 3 × 3 microelectrode array with the previous 2 × 2 prototype showed an improved current density of bio-molecule oxidation. Optical spectroscopy measurements demonstrated the preserved transparency of the new device.
Experimental
A double side polished sapphire wafer (Epistone, 2″ DSP wafers) was used as substrate material for the diamond growth. The NCD film was deposited by means of HFCVD and a bias-enhanced nucleation (BEN) process was chosen to insure strong covalent adhesion of the NCD films to the substrate. Due to the need of a conductive substrate to perform BEN, thin conductive interlayers were deposited on the sapphire to be used as a nucleation layer for the growth of the undoped NCD buffer layer; the interlayers materials and thicknesses were tuned in order to minimize light absorption and to maximize the nucleation density [30] . This process led to a nucleation density of approximately 3 × 10 10 cm −2 , comparable with nucleation densities on standard Si wafers [31] . The BEN process was carried out with the following parameters: substrate temperature 800°C, CH 4 to H 2 ratio 0.75%, pressure of 1.5 kPa. A 200 nm NCD intrinsic layer growth followed in the same HFCVD system with a substrate temperature of 740°C, a CH 4 to H 2 ratio of 0.3% and a pressure of 2.5 kPa. Homogeneous nucleation and growth were both performed on a quarter 2″ DSP sapphire wafer.
The resulting NCD intrinsic film was then patterned with the nine microelectrodes structure using e-beam lithography and reactive ion etching (RIE) in argon/oxygen plasma. This etching process was performed down to the sapphire substrate in order to insure the electrical insulation between the microelectrodes (N 200 GΩ).
The structure was then overgrown by a~250 nm boron doped NCD layer deposited by microwave plasma CVD at a power level of 700 W and a CH 4 to H 2 ratio of 0.6%. The substrate temperature was 750°C and the process pressure 0.13 kPa. Boron doping was obtained using a solid boron rod inserted in the plasma [32] .
The boron-doped NCD surface was chemically treated with chromosulphuric acid in order to remove possible graphitic content and to achieve an oxygen surface termination. Ohmic contacts were realized by optical lithography and Ti/Au deposition. A Si x N y passivation layer of approximately 1 μm thickness was deposited by plasma enhanced CVD and patterned by optical lithography and reactive ion etching.
Au bond-wires were used for the connections between the ohmic contacts and the measurement board. A glass ring was glued (Elastosil E43 transparent, silicone rubber) to the device to produce a~100 μl chamber for the electrolyte. The finished chips were tested by electrochemical capacitance-voltage, cyclic voltammetry and amperometric measurements using either a potentiostat equipped with a reference saturated calomel electrode (SCE) and a Pt counter electrode or a new homemade portable two electrodes set-up, which makes use of an Ag/AgCl reference/counter electrode. The new portable system was developed to acquire the signals from the nine channels simultaneously and independently.
Results and discussion
The SEM micrograph of Fig. 1 shows the as-grown boron doped NCD surface with an average grain size~100 nm. As shown in Fig. 2a , the boron doped NCD growth was tuned both in the vertical and horizontal directions leading to a complete covering of the conductive nucleation interlayers, which would have been otherwise exposed to electrolytes due to the diamond etching process down to the sapphire; Fig. 2b sketches the section view of such an overgrown structure.
The miniaturized design of the 3 × 3 microelectrode array is shown in Fig. 3a . In addition, to confirm the expected performances of the present device for electrochemical sensing, we chose a saline buffer solution which supports also the possibility to use the new device in biochemical applications: the 3 × 3 MEA were tested in Tyrode solution (5 mM KCl, 10 mM CaCl 2 , pH= 7.4), the common buffer solution used during electrophysiological recordings Fig. 1 . SEM micrograph of the B-doped NCD surface. [21] . The 3 × 3 MEA, mounted on the new portable set-up, displayed in Tyrode buffer the typical 3 V water dissociation window of diamond and its low background currents (below 10 μA/cm 2 ; Fig. 4) . A background noise of 5 pA peak to peak over a 1 kHz bandwidth was reached. Additionally, the nine microelectrodes showed similar cyclic voltammograms, the apparent differences being attributable to the minor variations of each active surface area.
An advantage of reducing the size of microelectrodes in a MEA is the improved signal to noise ratio, which is due to the low capacitive currents of the microelectrode or its enhanced mass transport caused by a dominant radial diffusion behavior. In the case of a macroelectrode, the oxidation (or reduction) current is limited by planar diffusion and typically shows a current peak in cyclic voltammetry measurements, where the peak current density depends on the scan rate: j peak ∝ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi scan rate p [33] . On the other hand, the current density for a microelectrode is in the ideal case scan rate independent and shows a current plateau instead of a peak. A good approximation for our device could be a spherical-shaped microelectrode with radius r 0 . In this case, the current density is expressed by [33, 34] :
where n is the number of exchanged electrons within the chemical reaction, F and D are respectively the Faraday and the diffusion constants and c 0 is the concentration of the red-ox species. Eq. (1) shows that the smaller electrode dimensions result in higher signal current densities. Such microelectrode characteristics could be indeed obtained with the present 3 × 3 array as show in Fig. 5a and b. These measurements were carried out with Fe(CN) 6 4−/3− and adrenaline (Sigma-Aldrich), a key molecule in the processes of neurosecretion. The cyclic voltammograms of the microelectrodes in 100 mM KCl + 1 mM Fe(CN) 6 4−/3− and in 100 mM KCl + 15 μM adrenaline ( Fig. 5a and b, respectively) show the steady-state voltammograms shape and its typical plateau starting in correspondence of the oxidation voltage of the red-ox species. Fig. 5a and b depicts the representative results of the two experiments respectively from one of the nine microelectrodes, the response being uniform over the whole array. Since the measurements were performed in homogeneous electrolyte and the dilution of red-ox molecules occurred over a timescale of minutes, the registered amperometric signal is affected by the typical radial diffusion behavior of a microelectrode discussed above. We measured oxidation current densities variations of a factor 1.4 and 1.6 respectively for the experiments with ferrocyanide and adrenaline, when the scan rate was varied between 20 and 400 mV/s. A slight deviation from the ideal scan-rate independent behavior of microelectrodes was therefore observed. Nevertheless, the red-ox current density variations are small if compared with the theoretical factor expected for a large-scale electrode: for the same 20-fold scan-rate range, we would in fact detect a variation of √20 ≈ 4.5, which is almost 3 times higher than for our present 3 × 3 array. Moreover, we can appreciate in Fig. 5b a good correlation between the expected and measured maximum values of the oxidation current densities. The current density j obtained from Eq. (1) for the oxidation of adrenaline is approximately 40 μA/cm 2 , assuming D~6 ·10 6 cm 2 /s [35, 36] and r 0 = 4 μm. This value fits reasonably our data, considering that the geometry of microelectrodes is not hemi-spherical and that a precise evaluation of the active area should consider the nanocrystalline morphology of the NCD surface. On the other hand, the limiting current density measured for ferrocyanide (Fig. 5a) is lower than the value we should expect from Eq. (1) assuming the same values of D and r 0 [37] . We attributed this result to a phenomenon of saturation due to the relatively high concentration of red-ox species. Further electrochemical investigations of the response to ferrocyanide with the 3 × 3 array will be soon available. Interestingly, our new 3 × 3 MEA with micrometer separation improves the electrochemical response with respect to our previous 2 × 2 MEA prototype. A comparison between the oxidation plateaus of adrenaline (the same molecule already detected in vitro with living cells) monitored with a 2 × 2 MEA prototype like the one described in [20] and the new 3 × 3 MEA is shown in Fig. 6 . The measure highlights a clear 2-fold increase in the current density in correspondence with the oxidation plateau, while the background current is preserved below 2 μA/cm 2 . Moreover, the 2-fold increase fits with the value forecasted by Eq. (1) considering that the area of one electrode of the previous 2 × 2 device was slightly larger than 30 μm 2 . The comparison confirms the improvement in the signal to noise ratio for an amperometric detection achieved by the 3 × 3 MEA with respect to the previous prototype, while increasing the number of microelectrodes covering the same surface area. These electrochemical investigations with red-ox not only prove the discussed microelectrode behavior, but strengthen also the suitability of the present device for electrochemical/electrophysiological characterizations.
The radial diffusion regime of red-ox species is however achieved with microelectrode arrays only when the single electrodes are sufficiently separated to avoid overlapping diffusion fronts [33, 34] : this is especially important for many microelectrode arrays shown in literature, where the only improved signal to noise ratio but no spatial resolution is desired [38] and all the microelectrodes are therefore short-circuited. Additionally, a too small separation could result in the loss of the spatial information, if the interspacing is in the same range or below the diffusion length of the red-ox species. However, in vitro experiments like the ones performed on our previous 2 × 2 MEA prototype could already give preliminary detection of cell activity signals with spatial resolution thanks to the short timescale of the release events (~ms range). The fast dynamics of such an experiment insured in fact that diffusion played a minor role and therefore a spatially resolved characterization of discrete release zones was achieved [20, 21] . For this particular application and for dynamically similar ones, the new 3 × 3 array could reach therefore micrometer spatial resolution thanks to its miniaturized geometry with the improved electrochemical performances discussed above.
Finally, the transparency of the NCD microelectrodes was characterized as shown in Fig. 7 . Curve A refers to a boron-doped electrode (~270 nm intrinsic HFCVD NCD + 50 nm boron-doped Plasma NCD) prepared like the one used for the reported fabrication of the 3 × 3 MEA, in which the reduced transparency towards the low wavelength range is attributed mainly to the presence of the interlayers needed for the BEN process [20] . The inset shows the device, mounted on the portable system, through the electrolyte at the transmission inverted microscope, demonstrating the suitability of the device for instance for bio-sensing. On the other hand, curve B in Fig. 7 illustrates early results on a boron-doped NCD film (~200 nm intrinsic NCD + 300 nm boron-doped NCD), also grown by HFCVD and BEN. In this case, extremely thin nucleation interlayers were used together with Pt grids to providing the needed bias for the nucleation process: the transmittance in the UV-range is larger due to a partial consumption of the interlayers during the BEN process itself. The comparison between curves A and B shows that with BEN is possible to achieve the same transparency properties obtained with other seeding techniques [39, 40] . We can conclude that not only the average transmittance is higher, but also the full exploitation of wavelengths down to the diamond bandgap limit is then fulfilled (see Fig. 7 ).
Conclusion
We fabricated a new 3 × 3 high density MEA out of boron-doped NCD on sapphire for amperometric detection with micrometer spatial resolution. The outstanding properties of boron-doped NCD microelectrodes in electrochemical environment, combined with the promising on-sapphire technology and the possibility to achieve spatially resolved detection in the μm-scale, open the way to electrochemical applications in many fields of research. We characterized the new device in saline and physiological buffer solutions and in the presence of oxidizing species, like adrenaline and ferrocyanide. These characterizations provided evidence of the excellent diamond electrochemical properties and demonstrated the suitability of the NCD 3×3 MEA for high sensitivity electrochemical applications in electrophysiology. In this regard, we compared the amperometric response of the new nine channels device with that of our previous quadrupole prototype, successfully employed for the detection of bursts of adrenaline released by living mouse chromaffin cells. The adrenaline oxidation current density of the new 3 ×3 array increased by a factor 2 with respect to the 2 ×2 array, while maintaining a comparable background current.
By combining NCD electrodes with GaN FET electronics, the new concept of NCD MEA on sapphire can approach the integration complexity of CMOS MEAs based on silicon technology. The present study suggests also the suitability of these integrated technologies for low-wavelength transparency applications, which could be coupled to the electrochemical detection. 
